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subsequent loss of soil stability due to thaws con- 

stitutes one of the most important problems con- 
fronting both the highway and railroad engineer. The 
purpose of this report is to call attention to the many 
> different ways in which frost action may manifest itself. 
> Asa basis for the discussion to follow, the physical laws 
> controlling the performance of soils during frost action 
> are presented in summarized form. 


‘ta heaving of soils due to frost action and the 


PHYSICAL LAWS CONTROLLING EXPANSION DUE TO FROST ACTION 
REVIEWED 

Failures due to frost action may be due to physical 

phenomena occurring either individually or in combina- 

tion with each other as follows: (a) The gradual expan- 

sion of freezing water; (b) the instantaneous freezing of 

supercooled water when the pressure productive of 























r | supercooling is removed; (c) the contraction and expan- 

- | sion of either ice or frozen soil due to temperature 

_ We changes; and (d) the growth of ice layers in moist or 
wet freezing soils. 

" kExrpansion of freezing water.—Water at any tempera- 
> ture in excess of 4° C. (39.2° F.) expands when heated 
ae and contracts when cooled. It attains its maximum 

> density at 4° C., however, and cooling below this tem- 
> perature causes the water to expand. The rate of this 

expansion (J)! is such as to cause water at decreasing 
temperatures to possess relative volumes as follows: 
4° ©., 1.00000; 0° C., 1.00013; —5° C., 1.00070; 

10° C., 1.00186. The corresponding densities are: 
4° ©., 1.00000; 0° C., 0.99987; —5° C., 0.99930; and 

10° C., 0.99815. It is understood, of course, that 
unfrozen water at or below 0° C. can exist only when 
the water is under pressure. 

The expansion which water undergoes on changing 
from the liquid to the solid state without change in 
temperature exceeds very appreciably any volume 
change due solely to change in the temperature of the 

# Water. This expansion amounts to 9 per cent of the 

Sy imtial volume (2). Thus 100 cubic feet of water at 

oy 9° ©. may become 109 cubic feet of ice at the same 

Be temperature. 

Freezing of supercooled water —When the expansion 
of water due to cooling is prevented, the freezing point is 
lowered and the water exerts very high pressures. The 
interreiationship existing between the freezing point of 
Water and the pressure under which the water exists, 
accordiie to Bridgman (3), is shown graphically in 
Figur According to this figure, supercooling to 

; ie _ the water to exert a pressure of about 

r pounds per square inch. This illustrates the 
tremendously high pressures exerted when supercooled 
water is not permitted to expand. 

When the pressure exerted by the water exceeds the 
Fesistance of the container, freezing occurs at a rate 

ependent upon the speed at which the pressure is 

eleased. At the instant when solidification occurs the 

— rolume 0! the contained material increases 9 per cent. 
— Thus “lien the container consists of plastic materials 
3 ca os ‘ lead pipe, partly frozen soil, etc., the release 
pressure may occur gradually. But in a container 
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“d Ol cast Iron, ice, or solidly frozen soil, the pressure 
ase will occur suddenly, and thus cause the ice to 
nin a more or less explosive manner. 
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ILLUSTRATIONS OF FROST AND ICE PHENOMENA 


Reported by IRA B, MULLIS, Associate Engineer of Tests, Division of Tests. United States Bureau of Public Roads 
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FIGURE 1.—RELATION BETWEEN THE FREEZING POINT OF 


W ATER AND THE PRESSURE UNDER WHICH THE WATER Ex- 
Ists. DATA FROM SMITHSONIAN PuysicaL TABLES (1921) 


This explosive action of ice is illustrated by experi- 
ments by Major Williams (4) and described as follows: 


Having quite filled a 13-inch iron bombshell with water he 
firmly closed the touchhole with an iron plug weighing 3 pounds 
and exposed it in this state to the frost. After some time the 
iron plug was forced out with a loud explosion, and thrown to a 
distance of 415 feet, and a cylinder of ice 8 inches long issued from 
the opening. In another case the shell burst before the plug 


was driven out, and in this case a sheet of ice spread out all 
round the crack. It is probable that under the great pressure 
some of the water still remained liquid up to the time at which 


the resistance was overcome; that it then issued from the shell 
in a liquid state, but at a temperature below 0° C. (32° F.), and 
therefore instantly began to solidify when the pressure was 
removed and thus retained the shape of the orifice whence it 
issued. 

The cake of ice furnished by J. L. Harrison, of this 
bureau, and shown from two different angles in Figure 
2 also illustrates the instantaneous solidification of 
supercooled water. The water which formed this cake 
was but partly frozen in an alumium pan. When 
photographed the cake contained both free water and 
air. Due to the high degree of heat conductivity 
possessed by aluminum, freezing probably began 
simultaneously at the top, bottom, and sides of the 
water mass, thus inclosing the unfrozen water in an 
ice container. As the process of freezing continued, 
the contained water exerted increasing pressure until 
the resistance of the ice container was exceeded. The 
pressure being suddenly released, the supercooled water 
immediately solidified and the expansion due to freez- 
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ing caused the protruding “tooth” to be formed as 
shown. 


The bulge in the top of the ice as shown in Figure 2 


(bottom) is believed to be due to the expansion of solidi- 
fying water when confined by the surface crust of ice. 
This bulge was highest at the center and did not extend 
quite to the circumference of the cake. Fissures con- 
centric with the circumference of the cake were observed 
along the circumference of the bulge in the bottom of 
the top crust of ice where cross bending was greatest. 
Apparently the supercooled water burst through one of 
these fissures to form the ‘“‘tooth”’ or cone of ice shown. 








Figure 2—A Cake or Ice Wuicn FrozeE on ALL 
SipeEs Bur Burst UNDER THE EXPANSIVE FORCE OF 
THE FREEZING WATER IN THE INTERIOR 


Volume change due to temperature change occurring 
in ice.—According to tests performed by Petterson (5) 
the coefficient of linear expansion of ice is 0.000053 per 
degree centigrade. Therefore if the temperature of an 
ice cake 500 feet long were reduced from 0° C. to 
—18° C., its length would be reduced by 0.477 foot. 
Should this contraction result in cracks which are 
subsequently closed by newly formed ice, the length 
of the ice cake when returning to a temperature of 
0° C. becomes 500.477 feet. With succeeding tem- 
perature alternations of this character, the length of 
the ice sheet would continue to increase. The effect of 
these temperature alternations on the growth of the ice 
is analogous to the strokes of a jack handle in moving 
loads. As the magnitude of the work done by the jack 
is governed by the length and the number of strokes of 
its handle, so is the growth of the ice controlled by the 
amplitude and the number of temperature variations 
below the freezing point of water. 

Growth of ice layers in soil—According to both Taber 
(6) and Bouyoucos (7) the formation of well-defined 
ice layers in freezing soil is due to three physical phe- 
nomena: (a) The ability of water particles in soil 
pores of comparatively large capillary dimension to 
freeze at or slightly below normal freezing temperature: 
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FIGURE 3 Frozen Ciay CYLINDER WITH SAND LAYER I 
MIDDLE A Frogzen Ciay; B, Sanp: ©, Ice: D, Us 
FROZEN CLAY FroM Report By TABER (6 


(b) the ability of water particles in the finer capillaries 
to resist freezing until the temperature is reduced to 
a point below that at which the moisture froze in the 
larger capillary pores; and (c) the ability of water 
particles when freezing in the larger capillaries to draw 
to themselves unfrozen water from the finer capillary 
pores and thus increase in volume at the expense of 
the water furnished by the finer capillaries. Figure 

illustrates the segregated ice lavers in a cylinder frozet 
by Taber. 

Pressure effects due to frost action.—Both Taber an 
Bouvoucos state that enormous pressures are prod ced 
by ice crystals during growth. According to Tabe 
the growing ice crystals may produce pressures 1 
excess of 14 kilograms per square centimeter (19 
pounds per square inch) and may cause water to b 
placed under a tension sufficient to lift a column « 
water over 150 meters (492 feet) in length. 

The magnitude of the pressures exerted by expand- 
ing ice also is very high. The horizontal thrusts exert: 
upon dams and other structures due to this cause hay 
been estimated to be as large as 34,000 to 47,00 
pounds per lineal foot. Compressive tests (5) madi 
on blocks of ice by Professor Brown of MeGill Un- 
versity showed strengths as follows: 


remperature Cr 


28 300 
14 693 
2 S11 


If the crushing strength of ice equals 400 pounds p 
square inch, as assumed by C. A. Mees in his pape! 





pp BL 


recy. 
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the design of dams (5), the thrusts exerted by Vario § 


thicknesses of ice forming on the surfaces of lakes 
similar bodies of water are as follows: 


Ice thickne Horizontal thrust in pour 


he per lineal foot 
6 QR, SI 
S 38, 4 
10 18, Of 
12 57. 600 


But when the temperature of the ice approacie 
0° F. the above values probably double. 


VARIABLES FACTORS INFLUENCE THE MANIFESTATION OF FROS'@ 


ACTION 


_ Although the physical laws which control the volut§ 
increase of solidified water may be stated simply, | 
particular manner in which the effects of frost acti] 
are manifested depends upon a number of yuriable 
among which are: Direction of heat radiation. size 
soil particle; and amount of water available. e" 
erally, the vertical manifestation of frost action "J 
termed heave and the horizontal manifest:tion ' 
termed thrust. 
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Direction of heat radiation.—According to Taber (6) 
the upward heave that accompanies the freezing of 
soils is due to the growth of ice crystals in a vertical 
direction, and this is determined by the direction in 
which heat is conducted away most rapidly and the 
availability of water necessary for growth. The 
importance of the direction of heat conduction is 
illustrated in the experiments described below. 

Mixtures of white clay and water in different propor- 
tions were frozen in thin glass test tubes, half of them 
being buried in sand so that freezing. was from the top 
down, while the others were exposed so that freezing 
took place from the sides inward. All of the latter were 
broken, longitudinal cracks extending the full length 


of the test tubes; but where frozen from top down none 
were broken, for the ice crystals grew only in a vertical 
direction. 





Figure 4.—An Ice HEAvVE oR Mounp COMMON ON FROZEN 
Rivers In ALASKA (Puoto By U.S. G. 3.) 


Size of soil particle.—In coarse-grained sands free to 
drain no important frost heaves occur because prac- 
tically all of the contained water freezes at normal 
freezing temperature and small unfrozen water par- 
ticles do not exist in amounts sufficient to cause the 
frozen particles to suffer appreciable growth. 

Permeable silts, which are capable of raising water 
rapidly and through considerable distances, are apt to 
suffer considerable frost heave. 


The capillary tension may be higher in cohesive clays 
than in silts. The speed with which water rises in clays, 
however, is much less than in silts. Consequently, in 
dense clay soils with low ground-water level and absence 
of lateral seepage, only limited amounts of water are 
available for ice segregation. Under these conditions 
the soil adjacent to the growing ice crystals is apt to 
dry out and shrink, due to the loss of moisture. The 
ground-water elevation in clays must be comparatively 
high in order that much frost heave may occur or the 
clay must be wet, due to water absorption from the top 
of the ground. 

Amount of water available. According to Taber, high 
Water content favors segregation and additional water 
may be drawn from the water table to form very thick 
ce layer Studies made by Eakin (8) in Alaska 


indicated that 
In Mat 
the mass 
ential vert 
peeetinls | 
dominan 
On the « t} 


s Which favor even distribution of water throughout 
“ve is uniform over the entire surface and no differ- 
i! movement oecurs. Thus, in fine, even-grained 
rizontal movement or movement with the surface is 
d even surfaces, either horizontal or sloping, result. 
+? lidar hand, irregular capacity for the retention of inter- 
itil wat na lead to differential heave and thrust and to the 
lent of surface irregularities. 


These statements seem obvious, but differential 


heave 
a also oceurs in fine even-gr ained materials where 
several areas receive quantities of water in v arying 
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FiGuRE 5.—SHOWING THE RELATIVE HEIGHT OF AN ICE 
HEAVE OR Mowunpb on A FrRoOzEN RIVER IN ALASKA. 
Puotro By U.S. G.S 

amounts just prior to the period ground freezing. 


The differential heaving in this case, however, is not 
rene rally so pronounced as in soils possessing non- 
uniform ¢ apacities, 

Furthermore, it should be remembered that when 
lakes or similar bodies of water are of such depth that 
water at the bottom is not reduced below 4° C. no 
freezing takes place at the surface even when the air 
temperature considerably below 0° C. For this 
reason the surface of the deeper portions of deep bodies 
of water such as Hudson Bay and Lake Ontario have 
not been observed to freeze within historical time (5). 


is 


DETRIMENTAL FROST PHENOMENA ILLUSTRATED 


The natural manifestations of frost action are neces- 
sarily varied in character because of the number of 
conditions under which the phenomena are apt to occur. 
Furthermore, the phenome a 1 occurring in some com- 
plex combination instead of individually are probably 
responsible for detrimental pavement heaving or other 
damage. Under all conditions, however, the occurrence 
of these phenomena furnishes evidence of the enormous 
force exerted by freezing water. This is illustrated by 
the mounds, rampart boils, ete., referred to in 
the following discussion. 

Figures 4 and 5 illustrate ice mounds familiar to those 
who travel in polar and subpolar regions when the rivers 
are frozen. The occurrence of these mounds is explained 
as follows: 


irost 


With the beginning of freezing weather ice forms 
along the banks of the stream and becomes firmly 


attached to the soil and rocks located there. When the 
ice sheet becomes continuous from bank to bank and 
gradually grows thicker the flow channel becomes 
correspondingly smaller. Under these conditions the 
water beneath is apt to be compressed until the force 
caused by this compression causes the surface ice to 
heave at the weaker areas. Water frequently spouts 
through the fissures which often form about these 
heaves, and attendant flooding and freezing continues 
throughout the winter or until the volume of water is 
reduced to such amount that it may be contained 
beneath the ice. These pressures sometimes become 
great that water is forced out through the banks 
between rock strata other openings and quickly 
freezes. 

Figure 6 shows a bank of soil composed of sod, 
bowlders and clay which, according to Doctor Buckley 
(9), was thrown up during the winter of 1898-99 by ice 
thrust on the edge of a lake in Wisconsin. The average 
dimensions of this bank were a height of about 4 feet, 
a breadth of base of about 11 feet, and a breadth of top 
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Courtesy Wisconsin Academy of Sciences, Arts and Letters 


Figure 6.—Tue Resvutt or Ice Turusts on Picnic Pornt 
Near Mapison, Wis. (PxHotro sy Doctor E. R. 
BUCKLEY) 


of about 4 feet. At one place this bank had a height of 
not less than 8 feet and had raised a tree of considerable 
size through this distance. (Fig. 6.) Doctor Buckley 
says that bowlders were in many places actually 
rammed into the bank in such a manner that they 
presented much the appearance of plums in a pudding. 
The bank, in many places vertical, was raised up and 
turned over by the ice shove and trees 12 inches or more 
in diameter were sometimes dislodged and moved. 

The cause of ice ramparts has been quite clearly 
described by Gilbert (10) as follows: 


The ice on the surface of a lake expands while forming, so as 
to crowd its ‘edge upon the shore. A further lowering of tempera- 
ture produces contraction, and this ordinarily results in opening 
vertical fissures. These admit water from below and by the 
freezing of that water they are filled, so that when expansion 
follows a subsequent rise of temperature, the ice can not assume 
its original position. It consequently increases its total area 
and exerts a second thrust upon the shore. Where the shore 
is abrupt, the ice itself yields, either by crushing at the margins 
or by the formation of anticlines elsewhere; but if the shore is 
generally shelving, the margin of the ice is forced up the acclivity, 
and carries with it any bowlders or other loose material about 
which it may have frozen. A second lowering of the temperature 
does not withdraw the protruded ice margin, but initiates other 
cracks and leads to a repetition of the shoreward thrust. The 
process is repeated from time to time during the winter, but 
ceases with the melting of the ice in the spring. 


OCCURRENCE OF FROST CRYSTALS AND FROST BOILS DISCUSSED 


Figure 7 illustrates the occurrence of frost crystals 
and thin ice sheets frequently observed on clay roads 
which are more or less rutted. When the temperature 


of the ground surface reaches the freezing point, ice 
crystals form on the surface of moist soil, and ice forms 
on the surface of any pools of water which may exist 


ICE ae: 
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ICE CRYSTALS 
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CLAY 





FIGURE 7.— ILLUSTRATING WaTER MoveMeEnts, Frost 
AND Ice Formations on A Wet Rutrep CLay SuRFACE 


on the surface. Following these freezing temperatures 
one frequently notices that these recently water-filled 
depressions are covered with thin sheets of ice with little 
or no water underneath. Upon further examination it 
will be noted that all fissures or other soil openings con- 
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tain ice crystals. The absence of water underneath ice 
covered depressions is due to the water having been 
withdrawn from under the ice sheets by the increased 
capillary tension of the soil produced by lowered tem- 
perature. It will be noted that ice crystals on the surface 
of clay soils will be longer than on those soils which con- 
tain less clay. Compacted clay soils will, however, 
contain fewer frost crystals at the surface than a similar 
soil in a less compacted state. 

Should a layer of relatively dry sand exist somewhat 
below the surface as illustrated on the left side of Figure 
7, the ice crystals are apt to be much shorter if present 





SHOWING THREE STAGES OF GROWTH Ict 


Ficure_ 8.- 
CRYSTALS FORMED ON THE SURFACE OF Wet CLay Durina 
THREE CONSECUTIVE NIGHTS OF FREEZING TEMPERATURI 
— LittLE oR No THAWING DvRING THE INTERVENING 

JAYS 


OF 


atall. It seems that the conditions essential for produc- 
ing crystals of maximum length are found where the 
intensity of cold is such that the capillary movement is 
rapid enough to prevent freezing to an appreciable 
depth beneath the surface. This type of freezing is 
illustrated by Figure 8 which shows the growth of ice 
crystals during three consecutive nights when there 
was little or no thawing during the intervening days. 
Had there been a considerable drop in the air tempera- 
ture in the early part of the third night of freezing, the 
height of the ice crystals in the lowest stratum (fig. 8 


would have been proportionatly reduced and a frozen 
stratum of wet soil would have resulted. 
Figure 9 shows the surface appearance of a *' frost 


boil” under a surface-treated macadam road in New 
Hampshire. The origin of the water in the boi! was 
traced to a leaking water pipe beneath the subgrade 
The type of soil was a fine silt which served as a water 
pocket. Whether this heaving was produced by solid 
ice or by ice crystals which had become more « 
segregated from the soil by frost action is not know?. 
It seems probable, however, that much if not all «f this 
heaving was due largely to a mixture of ice and soil of & 
form somewhat like that shown in Figure 8. ' 

Figure 10 shows solid ice overlaid by a few inclies 0! 
thawed material underlying a concrete pavement neal 
Duluth, Minn. When first observed this frost leave 


less 


must have extended 8 or 9 inches above the o:igina 
grade line. The concrete pavement although heavily 
reinforced with longitudinal steel bars was badly shat- 
tered. An excavation made at one edge of the pavement 
disclosed that the pavement was laid on a bed o! sali 
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A Frost Bot In A SURFACE-TREATED MACADAM 


FIGURE 9 
Laip oN Bep oF SILT. 
ING 


Tue HEAVE WAS DUE TO A LEAK- 


Water Pipe BENEATH FOLLOWED BY FREEZING 
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Pr & 10.—PHOTOGRAPH OF THE LOWER Part OF A Rup- 
ED CONCRETE PAVEMENT AT A; B, THE THAWED SvuB- 
GRADE; C, THE UNDERLYING PRISM OF SoOLiIp ICE AND 
ProzeEn Clay UNDERNEATH 
a 
y 1S PLLPS “a OLE. cet EOTESS 0 5SE RATERS ARE 
: a 
. Fi SUBGRADE PROFILE PRopUCTIVE OF FROST 
HEAVES 
n y 
> underinid by a stratum of clay. Where the dipping 
t )  Stratuin of clay was intersected by the plane of the sub- 
A » grade « water pocket formed as is illustrated in Figure 
S| 11. (\uy shoulders in the sides and a formation of 
p | solid ice beneath (fig. 10) prevented the escape of the 
of ® Water trom this pocket. 
d ; Figure 12 illustrates the occurrence of soil blisters. 
3 » According to Nikiforoff, (11) these blisters attain enor- 
oe » mous proportions in Arctic regions, extending more than 
IS ; 20 feet in height in Siberia. The method of formation 
. > '8 expluned as follows: d represents ever-frozen sub- 
> soil which extends to considerable depths. The soil 
of [= above this stratum thaws during the summer and as is 
ar fo characteristic of most Arctic regions is frequently quite 
ve FB Wet, especially near the foot of slopes and in surface 
al a depressions where water collects. At the beginning of 
ly Winter thy 





or surface soil, 6, freezes down to the water in 
liquid forme. At this stage the liquid water is confined 
etWeen two zones of hard-frozen material. When the 
Pressure becomes sufficiently high to rupture the frozen 
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surface soil, the supercooled water is forced through the 
crack and is probably frozen instantly. Figure 13 
shows a tree split by a fissure occurring on the summit of 
an ice blister. 

Figure 14 illustrates similar mounds formed of more 
or less segregated fragments and particles of alluvial 
materials believed to be of Pleistocene or recent age 
observed by Leffingwell (12) and othersin Alaska. Most 
of these mounds are in the form of gentle domes ranging 
in height from less than 25 feet to a maximum of about 
200 feet above the plain. Generally they have rounded 
tops and slopes of less than 15° from the horizontal but 
a very few are steepsided and have an angular break at 
a somewhat level top. Some of the more recent mounds 
contain craters which furnish fresh water to such extent 
during the summer that they may overflow. 





by 
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Courtesy Soil Science 
FiGURE 12.—Cross-SEctTION OF A Soin ‘‘ BLISTER’’ IN SIBERIA 





Courtesy Soil Science 
FicurE 13.—TAMARACK TREE ON THE SUMMIT OF A BLISTER, 
Spirit WHEN THE BLISTER BROKE 





Ficure 14—A Movunp ForMED oF Mup AND GRAVEL BE- 
LIEVED TO HAVE FoRMED FROM SPRINGS SUBJECTED TO 
Frost ACTION. 


(Puoto By U.S. G. 8S.) 
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Figure 15.—A Frost-Heavep AREA AT THE Foor oF 
A SLOPE IN THE LAKE CLARK-KUSKUSKOKWIM REGION, 
ALASKA, AND A CLose Up oF ONE OF THE Frost HEAVES 
(PuHotos sy U. 8. G.S 





Figure 16.—A Driep AND CRACKED Mup Boi. Founp IN 
ALASKA BY Eakin. (Puoro sy U. S. G. 8.) 


Figure 15 (upper picture) shows a frost-heave area in 
the foreground at the foot of a slope in Alaska. These 
mounds, while small in comparison to some of those just 
described, seem to occur under conditions more or less 
similar to those productive of the larger ones. Where 
the development has progressed beyond the youthful 
stage these frost boils are invariably largely made up of 
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mud at the center with the particles increasing in siz 
toward the edge where stone and gravel predominat 

Figure 15 (lower picture) is a close-up view of one of 
these heaves. While greologists do not seem to be in fu 
accord as to the exact manner in which this segregatio! 
of the finer particles from the larger rock fragments 
occurs, they are agreed that in all cases these mounds 


occur only where the ground is more or less thorough) 
saturated with water and is subjected to conditions of 
alternate freezing and thawing of the surface lavers of 


the ground (8, 13 

Figure 16 shows the appearance of a dried and cracked 
mud boil found in Alaska by Eakin (7), which probably 
originated under the type of frost action just described 

The only difference between frost and mud boils is thi 
manner in which the water accumulates. In reality 
discharging frost boils are nothing more than mu 
boils formed under frost action. Figure 17 shows : 
boil found about the middle of summer in the District o! 


mud 


Columbia on the surface of a water-bound macadam 
laid on a fine sandy clay soil. This mud boil originated 
from a leaking water pipe and is similar in detail to the 
frost boils already described. It was first observed as 
a small mud-filled fissure on the road surface. With 
each passing load an eruption occurred and the y lum 
of mud and water at the surface increased until « col- 
siderable mound was formed. Such boils may occur 


any region where very fine particles of soil become 
reduced to the liquid state and under pressure the 
viscous fluid is extruded through fissures or other opel 
ings of such size as will permit its passage. 

Figure 18 illustrates fissures formed when [rozel 
soil in Alaska contracts due to a lowering of the tem 
perature. According to Leffingwell (1/2) this cracking 
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Figure 21 ErreEcT oF HEAVE AND THRUST ON THE Post- 
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FIGURE 22.— SHRINKAGE Fissures IN Frozen Cray Soin 
IN THE District OF COLUMBIA 


is frequently accompanied by loud reports and shocks 
sufficient in intensity to rattle dishes in camps. The 
individual blocks formed by these cracks have an 
estimated average diameter of about 16 yards. When 
the snow melts in the summer these cracks can be seen 
cutting across all tundra formations and even across 
the mud and the growing moss beds. Somewhat 
sunilar phenomenon has also been observed in Siberia 
by Nikiforoff (7/ 

Figure 19 illustrates ice wedges shown by X which 
are apt to form due to the cracking described above. 
The snow which fills the newly formed fissures soon be- 
comes compacted and may reach a density equal to that 
of solid ice under conditions of alternate freezing and 
thawing such as frequently occur toward the end of the 
polar winters. 

The disturbance of the adjoining soil due to formation 
of ice wedges is illustrated in Figure 20. When these 
wedges occur along the banks of streams and lakes large 
masses of earth are frequently displaced under wave or 
current action, causing the banks to have a saw-tooth 
appearance. The displacement of the tram _ line 
illustrated in Figure 21 is attributed at least in part to 
the formation of ice wedges. 

Figure 22 illustrates fissures observed in frozen clay 
soil in the District of Columbia. Similar fissures 
ranging in width from one-eighth to one-fourth of an 
inch were observed also in Minnesota. In both cases 
the fissures contained hoar frost, but no ice crystals 
were observed. Hoar frost is always derived from water 
vapor but ice crystals such as those shown in Figure 8 
are always formed from unfrozen moisture at the base of 
the crystals. 

Figure 23 illustrates the type of soil migration which 
may occur when snowfall is heavy and frost penetrates 
the ground to an appreciable depth. 
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Figure 23.—AN AVALANCHE OF Mup, Sort, AND Rocks 
Wuicnu HAs Suip Down A HILLSIDE OF SHALEY SOIL 





Figure 24.—EFFrect or Frost on Soi M1GRATION WHERE 
THE PARTICLES RANGE FROM FINE TO COARSE AND ARE 
Nor Compact In ARRANGEMENT 


During the summer in polar and subpolar regions 
the surface of the frozen earth, which has become more 
or less thoroughly broken up under frost action during 
the long winter, is in a state favorable to becoming 
thoroughly soaked by water from melting snow and ice. 
Under this condition masses of viscous fluid of varying 
magnitude flow down most of the slopes and in certain 
cases fill the streams with great volumes of mud, ice, 
and water. Almost everywhere in polar regions where 
there are heavy deposits of snow, this type of soil 
movement 1s markedly present where long periods of 
alternate freezing and thawing occur (14, 15). 

Figure 24 shows the type of soil migration from the 
face of cuts in porous soils after frost action. 

Differential heaving underneath road surfaces and 
pavements seems to occur when the subgrade soil 
possesses variable capacity for the retention of ground 
water. Coupled with this, there must be channels for 
furnishing water to the locations where the heaves occur. 

Many investigators have reported the occurrence 
of frost heaves over water pockets similar to those 
shown in this paper. Arnold (16) found frost heaves 
in both cuts and fills under surface-treated macadam 
roads. Those in cuts were found to be due to see page 
from contiguous slopes while those on fills were some- 
times due to entrapped water flowing through the 
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porous stone base from wet cuts at the upper ends o! 
fills. Frost heaves may very readily occur on fills 
consisting of materials possessing both water capacity 
and permeability different in amounts. 

According to Moffitt (17) most of the ice beds in 
Alaska occur either in the deposits of silt or betwee: 
the beds of silt and the underlying gravel. Veins o! 
ice in some places cut across the beds of silt and ma 
form a considerable proportion of the silt deposit 
The distribution of ice beds in many places is quite 
irregular and depends on conditions that are not under- 
stood. According to both Tyrrell (78) and Maddren 
(19), however, the ice originates from percolating 
water or from water under hydraulic pressure. 

W. C. Buetow, State highway engineer, Wisconsin 
State Highway Commission (20), states: 

There are two kinds of boils, at least, in Wisconsin. 7 
first appears—note I am not positive in this statement—to 
caused by a live vein of water just under the subgrade. 
usually appears on side hills. Troubles of this kind have 
many instances been traced to a lake or swamp area which may 
be close at hand or miles away. The second type of boil, tli 
kind that makes the most serious trouble, generally appears 
the more level stretches of road and where the roadbed is b 
of a fine, medium clay, superimposed on a nonporous subsoi 
exceptionally heavy clay or hardpan. The two types 
described are the Wisconsin brand of boils. There may i 
others, but we are not familiar with them. ' 

Differential frost heaving also may occur in deposits 
of silt or porous clay due to water raised by capillary 
tension from the ground water below. From what 
depths silts or clays at given densities may raise wate! 
in quantities harmful to the subgrade is not definite!) 
known. Upon freezing, a stratum of soil ceases to 
receive water, but upon thawing a subsequent freez 
may show a water content in excess of that found 
during the previous freeze. In contrast a wet frozen 
stratum of soil in contact with water beneath may 
become quite dry at the surface under conditions 
favorable to evaporation. 





FiGuRE 25.—ILLUSTRATION OF A ROAD PROFILE CONTAIN 
Water Pockets Wuicu May Propvuce Frost Heaves 
DvRING THE WINTER 


n, WATERPROOFING PAVEMENT 








Figure 26.—I.LLustRATION OF WATER Pockets Duk 1° [R- 
REGULAR CAPACITY OF A FILL FoR RETAINING PorRE WateR 


CONCLUSIONS 
It is apparent that the forces developed by action 0! 
freezing temperatures on water are enormous and may | 
prove highly detrimental to highways and other eng 4 
neering structures. From the foregoing discuss!on ! 
will be seen that in order to minimize the destructive F 


(Continued on page 79) 














PROGRESS REPORT ON THE CONNECTICUT AVENUE 
EXPERIMENTAL ROAD 


MAINTENANCE AND BEHAVIOR OF SECTIONS DURING 1928 AND 1929 





Reported by PAUL F. CRITZ, Associate Highway Engineer, and J. H. ELDRIDGE, Superintendent of Road Construction, Division of Tests, United States 
Bureau _of Public Roads 


ing from Chevy Chase Circle to Chevy Chase Lake the various sections during 1928 and 1929. Figure 1 

in Montgomery County, Md., was, built during the shows the location of the various sections, and the con- 
vears 1911, 1912, and 1913. The history of this project struction and maintenance costs are given in Table 1. 
from the time of construction to 1928 is given in Public Accumulated maintenance costs and traffic are shown 
Roads, volume 9, No. 3, May, 1928." in Figure 2. Analyses and quantities of materials used 
in construction are given in Tables 2 to 7, inclusive. 

ied in Circulars 94 and 9, Ollie of Public Roads: U.S.Departmentof Aercur. Lhe cost of past surface retreatments is included in 
Bulletins 105, 257, 407, and 586, and Office of the Secretary Circular 77 lable 1, but the amounts of materials used have been 


r | ‘HE Connecticut Avenue experimental road extend- This report covers the maintenance and behavior of 
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EXPERIMENTS NORTH OF BRADLEY LANE 


Location oF Various EXPERIMENTAL Sections. THE GRADES ARE API XIMATELY THE SAME ON Bota SIDES 
OF THE TRACKS AND THOSE DESCENDING TOWARD THE NORTH ARE S VN AS NEGATIVE 
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TABLE 1.—Cost and description of experiments on Connecticut Avenue, Chevy Chase, 
BITUMINOUS MACADAM (PENETRATION) EXPERIMENTS, SOUTH OF BRADLEY LANE, BUILT IN 1911 


Original construction 
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per 





Md. 


Annual cost of surface treatments and maintenance in cents pe 


Vol 


r square vari 


& 1912 1913 1914 1915 1916 
Z gt 8) > > : - f 
~ eo | a> = = = = = 
e Bituminous material or type as 52 = F = 5 = 5 = & = & 
=] ” = o S < = . = = =| = = 
= = z c= =} - E = E S = 3 E S 
= — - a a = - = =| = S = = = 7 
= ue ¢ = o> % rs = S = = 3 = = oc a 
- § = rc) ¢ = L. = = 4 & 2 <= = & 
= pe o < S _ a. -- 2 = <. onl < a) « 
Square 
Feet | yards Cents 
] 513 1,581 Coal tar, refined. 2. 59 46,18 04 0.74 2. 34 0. 28 
2 373 705 Coal tar, refined (modified 4.15 64. 42 2. 29 (4 
3 823 | 1,555 Fluxed native asphalt 1.96 | 64.69 95 38 
4 823 | 1,555 Oil asphalt (Gilsonite 2.19 | 57.18 0). 2¢ lf 2. 58 67 
5 819 | 1,447 Oil asphalt 2. 25 58. 27 17. 98 l Or 2.91 53 
6 876 | 1,555 Oil asphalt 2.09 68. 22 22 2. 07 7 
7A 449 849 Oil asphalt 1. 86 4.80 8.01 l 2. 89 l 
7B 69 130 Oil asphalt 2. 2¢ 59. 96 1. 09 ‘4 3. 59 — 
SURFACE TREATMENT EXPERIMENTS ON WATERBOUND MACADAM, SOUTH OF BRADLEY LANE, BUILT IN 1911 
8 782 | 1,477 | Water-gas tar preparation 0. 54 | 239. 59 4¢ 3.40 ' 655 1.37 
9 403 761  Asphaltic petroleum 53 | 242.01 2 1.71 1.18 | 7.980 88 &8& 76 1.48 
10 482 | 1,013 | Residual petroleum 79 | 244.31 LSS 8.1 20.17 7.80 5.24 890 4.08 
1 201 377. Native asphalt emulsion 3. 32 | ? 81. 51 1. 
EXPERIMENTS NORTH OF BRADLEY LANE, BUILT IN 1912 
1 635 | 1,498 | Bituminous concrete (Topeka specification) 2 inches 
thick on 6-inch 1 : 3 : 7 cement concrete 186, 62 0. 22 
2 630 | 1,400 | Bituminous concrete (District of Columbia specifi- 
cations) 2 inches thick, on 6-inch 1 : 3 : 7 cement con- 
crete and seal coat of 0.51 gallon fiuxed native 
asphalt = i 195. ¢ ), 29 26 0. 2 
3 1,840 | 4,178 Cement and oil-cement concrete as in experiment 
No. 2, surface treated with various types of bitu- 
minous materials. . 154. 9 0 06 | 7.81 29 
4 771 | 1,744 Oil-cement concrete, 1 : 134 : 3 and 5 pints residual 
petroleum per bag of cement 150. 2 12 1.0 1. 02 
1, 339 | 3,013 | Cement concrete, 1 : 134 : 3__- . 142. 29 0 6S % 
6 980 | 2,055 Vitrified brick, with base as in experiments Nos. 1 
and 2, 2-inch sand cushion grouted with 1: 1 
sand-cement J 258. 21 OF 02 OS 
Some of the sections were of varying widths, 2 Includes cost of wearing course 


TABLE 2. 


Experiment number 
Material 


Specific gravity 25°/25° ¢ 
Specific viscosity, Engler 
1. 100° C., 100 ¢. « 

2. 50° C., Oc. c¢ 
3. 25° C., 0c. c. 

Float test: 
1. 50° C., seconds 
2. 32° C., seconds 
Flash point, °C. 
Burning point, °C 
Melting point, °C . 


Penetration, 25° C., 100 g., 5 second 


Per cent loss, 163° C., 5 hours, 20 


Per cent loss, 105° C., 5 hours, 20 ¢ 


Penetration on residue 
Float test on residue, 50° C., sec« 


Float test on residue, 32° C., secor 


Percentage soluble in CS» 
Percentage organic insoluble 
Percentage inorganic insoluble 


Analyses of bituminous materials used in 


land 2 


Coal tar, 
refined 


Bitumen insoluble in 86° B. napht! 


Fixed carbon, per cent 
Free carbon, per cent 


Distillation, percentage by weight 


Water __. 

Up to 110° C 
110° to 170° C 
170° to 270° C 
270° to 315° C 
Residue 


Total. 


1 Fairly thin fluid with strong 


2 Viscous, sticky fluid 

3 Loss in addition to loss at 
4 Sticky, glossy surface 

§ Mottled surface. 

6 Sticky, slightly mottled 


0. 


naphtha odor. 


Cc 


no 
¥ 


150 


Coal tar 
refined 
(light 


Fluxed Gilsonite 
native oil 
asphalt asphalt 


Oil 


1. 219 1. O58 0. 974 


94. 51 99. 81 99. 
1. 00 12 


asphalt 


46) 


0. 9YY 0. { 


4.49 07 O4 


20. 78 21. 13 
10. 64 7 


? Hard, fairly lustrous. 

* Residue from percentage loss test 
Residue from percentage loss test 
Solid. 

1 Clear 

2 Turbid. 


24. 68 


at 105° C 


at 163° C 


Qy 


20. 10 % 
ai) 10, | 


O4 


6s 


5Y ay 
Ds 


13 


7 Sticky, semisolid 


original construction of the er perime nis south of Bradle vi Lane 


8 9 10 10 
Re ined Asphaltic Residual Asphaltic 
water-gas etro- petro- pet ro- 

ijt tar prep ae 1 leum ? leum 

aration 1912 1914 
173 1.113 0. 949 0. 976 0. 964 
13.1 
118 113.3 
205 
37 40 
OS KS 
“i 
4 27.10 13 26. 46 
16.71 
4) 
100 &1 
32 229 226 
x2 O09, RR uy. 74 gy, 92 
O8 23 Or 
0 4 08 . 02 
20 9. 10 9. 93 7.43 
4.1 7. 67 ». O4 
3. O4 Water 
Ammonia 
Fatty and resin acids 
0 
0 
2) 
24.8 
97 
64.9 
100. 0 


One-third solid 
I'wo-thirds solid 
One-sixth solid 
Hard, dull, brittle 


A 350° to 375° C. fraction s 
per cent insoluble in dimethy] sulphate 


ll, No. 4 


1917 





ra = 
— - 
0.2 
1. 44 
} 
wt) 0 
5. 93 | 


how 


Bet 


wt ante 











# 
2 
i 





— 
ies 


ce 


eat 


va 

















u 


} xperiment No 


e, 1930 
1918 

2.42 

A) S4 

40 

6.61 

54 

Nn) “WS 

wy) 

ll 

sw 


' Agereg 
f the base 


TABLE 1. 


PUBLIC 


Cost and description of experiments on Connecticut Avenue 


ROADS 


, Chevy ¢ hase, Ud 


Continued 


BITUMINOUS MACADAM (PENETRATION) EXPERIMENTS, SOUTH OF BRADLEY LANE, BUILT IN 1911 


gly 


Annual cost of surface treatments and maintenance in cents per 


1920 1921 1922 1923 
- + Y > 4 
SIE Si zis ila i2iai2i ag 
PA = - = < _ <. -- a. _ <. 
1.47 0. 04 
2 95 10 
1.40 O4 ‘ 
1.63 ‘ ‘ 2 
2.75 0.32 . 05 
1.27 04 1.51 
1.08 07 1. 32 
SURFACE TREATMENT EXPERIMENTS ON WATERBOL 
1.31 11.96 O.57 ‘ 0.05 6. 21 
3.43 11.36 1.08 8.18 17. 21 4.23 7.99 
204 10.49 81 6.890 2.27 17.54 1.06 2.95 
6.89 14.90 4.75 6.44 2. 65 
EXPERIMENTS NORTH OF 
0.24 0. 61 2.67 OO 
10 r 2.47 79 
0.0 2% 0.39 16 10.45 1.38 2 
ya!) 47 “4 1.93 10.46 3. 31 1.23 
47 27 55 22 10.45 | 1.69 3.49 
in tt tt Ub bb 
maintaining sections not affected by fill settlement 
3 Character and extent of experime ntal sections con- 


icted on Connecticut Avenue north of Bradley Lane 


Location 
rror ro 
li $+19 
+1y 6+20 
20 U+O04 
|) 12450 
50 | 15+84 
+S | 21+60 
+60 | 25+03 
+03 27+29 


2Y | 30+90 
v0 | 33460 


-+50 | 44+61 
+10 | 49+-00 
+60 | 37485 
+85 | 42+50 
+61 | 46410 
+00 | 52+-00 

0O | 61+80 


1 in the bituminous concrete. 


\rea ry pe 


Square 

yards 

{? inches bituminous concrete 
(Topeka specification). 

} ae : 2 wo 

2 inches bituminous concrete 

| (District of Columbia specifica- 
tion 

|._--do ak 

Cement concrete surface treated 
with bituminous material 


do 
\ ~ do 
(4. 178 i il-cement concrete, surface 
} treated with bituminous mate- 
| rial 
} ae. . . 
| | Oil-cement concrete 
1,744 do 
| |____do 
| 9, concrete 
ao 

eT 1. @o 

| do 
2, 055 Vitrified brick 


applied since 1926. 


Aggregat 


Limestone.! 


Trap.! 
Limestone 


Trap ! 
Gravel. 


Limestone 


Gravel 


quare yard—Continued 
1924 1925 V2t 427 
eigi2igai2z\;83ie£ié¢ 
_ - _- < _ <. <. 
9.68 1.37 y 72 
2.59 RO 
1.37 t 
m4 &. U6 atl 
>. os 6.33 1.5 
3.77 1.34 2 
6.22 4.0. s.S4 ¢ 
ND MACADAM, SOUTH OF BRADLEY ] 
u 1 ¥ 4) 44 
0. 76 22. 47 8.4 f 
® AE t $ 7. ‘ 2 
7.98 | 2.78 6. ) 18 


Limestone 


Gravel 
Do 


Limestone. 


Trap. 
Gravel 


Limestone. 


Gravel used in the cement concre 


y BRADLEY I 


ANE, BUILT IN 
1. 68 0. 5 t 
1.4 1. OF s 
| i 4 s 2 
+. 09 6s “ 4. SE 
42 07 
ABLE 4 {nalyse bitun 


lreatment 


nous concrete 


1928 


Maintenance 
Treatment 


4.39 
25.15 
16. 18 
&. 4] 
6.71 

»s 
5. 60 
3. 26 
3. 9Y 
1, 28 


Experiment 
No. 1 


opeka speci- 


fication 
Lime- , 
stone rrap 
Bitumen soluble in Cs : a 8.7 
Sieve analysis of aggregate 

Pass 144-inch screen, retained reer 
Pass l-inch screen, retained reer 

Pass inch screen, retained I screen 1.8 2.0 

ass inch screen, retained I reer 11.3 14.0 

Pass inch screen, retained |s-ir screer 20. 5 13.0 

ass ‘g-inch screen, retained f eve 14.5 &.8 

Pass 10-mesh sieve, retained 20-me eve 15.8 17.0 

Pass 20-mesh sieve, retained 30-me eve 5.8 7.3 

Pass 30-mesh sieve, retained 40-m«¢ eve 3.8 1.0 

Pass 40-mesh sieve, retained 50-mesh sieve 1.6 2.3 

Pass 50-mesh sieve, retained 80-me sieve 3.3 4.4 

Pass 80-mesh sieve, retained 100-me sieve 1.5 1.8 

Pass 100-mesh sieve, retained 200-me eve 2.9 4.6 

Pass 200-mesh sieve 10, 1 12. 1 

Potal 100. 0 100.0 


1929 


Maintenance 


nm Om by 
FRE 


30.¢ 
18.25 


4.90 


mixtures 





Cents 
per 
sq. yd. 
46.38 
47.40 
31.42 
56. 07 
80. SO 
37 
64.76 


99.42 
219. 28 
189.80 
SS 13 


90. 06 


30. 32 


12. 65 


Experiment 


No 


District of 
Columbia 
specification 


Lime- 
stone 


> whe 
sit 


Sho we 
~! 


— om ho 


2.0 


5.0 


100. 0 


Trap 


100. 0 


SECTIONS 1 TO 8 OF BITUMINOUS MACADAM CONTINUE TO GIVE 


Le 


GOOD SERVICE 


Section 1, although still maintained by the bureau, 
ee has lost considerable of its value as an experiment due 
omitted from this report as no retreatments have been to the reconstruction work done by the municipal forces 
around Chevy Chase Circle in November and December 
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FIGURE 2.—MAINTENANCE Costs AND TRAFFIC ON EXPERIMENTAL SECTIONS 
1927. This work was incidental to relaying the curb particularly along the west gutter. As stated in the 
and gutter and involved the rebuilding of a large por- previous report, the drainage afforded the sections sout! 
tion of the section. 


As shown in Table 1 


L , the maintenance cost during 
1928 for sections 1, 


; 1, 3, 5, 6, and 7 was about normal 
while that of sections 2 and 4 was somewhat higher than 
during former years. The maintenance on the latter 


car trac 


of Bradley Lane at the best was only fair. The -treet 


ks offered a means for water to enter the 


foundations and the cobble gutters did not long remall! 
satisfactory as drainage structures. The reltve 


high maintenance cost of section 5 in 1929 was a/so due 
two sections has consisted largely of repairing depres- 


to surfac 


sions which developed from foundation settlement, required 


‘e settlement. This section, in its ear y We 
considerable patching because of founcdatio! 
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TaBLE 5.—Analyses of bituminous materials used in original construction of experimenis north of Bradley Lane 














Experi- Experiment No. 3 (surface treatments) Experi- 
ments ments 
Nos. 1 Nos. 3 
and 2 and 4: 
Bitumi- Sections Sections Rection Oil- 
nous | Sections DandF: BandH: Section Qos oo Cantt cement 
con- AandG W ater- Water E: Fluxed : D and | § ection : tion con- 
. , ; ar rae ¢ eh [: Fluxed F: Oil J: Oil : 
crete— | Refined gas tar gas tar ative Rel asphalt | asphalt crete— 
fluxed | coaltar prepara- prepara phalt anki? wspue — residual 
native tion tior ict petro- 
asphalt leum 
Specifie gravity, 25°/25° C 1.074 1,219 1. 108 44 oO 043 1.031 1.012 0.933 
S ifie viscosity, Engler: 
1. 50°/50° C., 100 c. c. 27.8 
2. 30°/30° C., Oc. c. . Sd) RS Rem MRE N Eee Rae eS i Naear ee ee eee 
Penetration, 25° C., 100 g., 5 seconds 60 s4 148 2 LY i eee erates 
k t test, 32° C., seconds. . 
Float test, 50° C., seconds. DO leceawtaxanh  ~. WW. lowauditivis ofancenapebescae asl eioasen se mide 
Melting point, °C 3 48 92 {ea 
I 163° C., 5 hours, 20 g., per cent 2. 86 { 2 32 9 2. 63 
Penetration on residue 29 f 64 18 103 - 
} t test on residue at 32° C., seconds_. ; : 95 
Per cent soluble in CS 93. 56 6, 5 99. 74 99. 72 99. 90 
Per cent insoluble in CS ; : 1, 86 5 17 17 OS 
Per cent inorganic insoluble 4. 58 09 .09 11 . 02 
Per cent bitumen insoluble in 86° B., naphtha__- 23. 83 21. 87 34. 84 21. 72 2. 31 
Per cent fixed carbon 11. 20 ] 7 15, 62 10. 92 3. 01 
Per ent free carbon od ps - 
Distillation, per cent by weight: 
Wate ( 0 
Up to 110° ¢ ; 4 
{ » 170° ¢ ‘ 4 
270° ( l4 16. 3 
315° ¢ s 17.0 
1ueé | 64.8 9 ’ 
n at O° ¢ 200 g., | minute) 14; penetration at 46° ( 0 Z., econds s 
Showed 7.5 per cent insoluble in dimethyl suplhate. A 315° to 350° C. fracti per cent, and 75° C. fraction showed 17.5 per cent insolu- 
t e 1 sul t 
I his fraction and also a 315° to 350° C. fraction and a 350° to 375° C. fraction eact wed pe é sulphate. 
l Eb Mechanical analyses of coarse aggregates used ai W eakness. and as the weak areas were eliminated the 
rete Experiments 3, 4, and 5, north of Bradley Lane maintenance cost decreased. A renewal of this type of 
failure such as developed during the past year will 
Size Grave) Lime- qa, Undoubtedly affect the future behavior of this section, 
particularly in view of the larger volume of traffic now 
varried. 
4 , retained on 14-inch screen a ou 2.3 : 1] : ° ° 
Pa h, retained on ee eas eee At the present time au of the sections are in good con- 
Pa retained on I-inch screen EEA oe m3h ws dition. ‘The surfaces are somewhat wavy in spots but 
4 retained on 34-inch screen.__..---- - 25 § ‘ : ; ‘ " . . 
Pa retained on 44-inch sereen_.-.__. .--- %4 342 40.6 are intact and free from raveling. Except for possible 
as retained on 44-inch screen eS Ree eae 4 9.8 47.4 24.9 ¢ > “4° 
Pas ‘ 9 59 ~, failure due to foundation conditions, they should con- 
ee g 2 4 it ‘ : ; c 7’ 
> Y TA as acT ' cary A er <¢ 2 @ 
atin’ 10.0 Jo) joo tnue to give satisfactory service for some time at mod 
ee erate cost. 
TaBLE 7.—Tests on vitrified brick used in experiment No. 6 north of B Lane 
[Length of section, 978.1 feet 
) ss Water 
sect eu Type of brick — absorp- Deser 
; tion 
et Per cent Per cent 
= Shale, wire cut lug 21.12 1.39 | Hard-burned brick having a good structure. 
a 7 Se ORS 16. 36 1.31 | Medium hard-burned brick having a very good structurs 
dD” 8.7 | Shale, re-pressed _. .----. 25. 57 .88 | Brick well vitrified; losses in rattler mainly due to cl ng 
i at ae a 17. 67 1.65 | Brick molded from coarsely ground shale; had a fairly good structure and was hard burned. 
Sy fH fe aire 22. 04 1.10 | Brick very hard burned; losses in rattler due to chipping 
er ee” Ree 18. 80 1.81 | Brick molded from coarsely ground clay; had a go« t re. 
H : 60. 5 bbe dattewsoscmanae 27.92 2.29 | Medium hard burned brick which wear evenly though excessively in the rattler test 
. Ji 4 Sa 22. 68 3.74 | Medium hard burned brick made from finely ground nd having a fairly good structure. 
a 0.0 Wielka wksacccadeok 22. 59 2.86 | Medium hard brick made from coarsely ground clay and wearing down uniformly in the rattler. 
“<< 1.3 | Fire clay, re-pressed..-- 19. 11 1.56 | Brick made from coarsely ground fire clay; had an excellent structure, free from laminations; not burned 
* very hard. 
K. 4.7 Scere ec as Sl : 37. 68 2.38 | Comparatively soft-burned brick made from coarse fire clay; wear in rattler excessive though 
uniform. 
L.. 8.8 | Shale, re-pressed_....__. 38. 89 4.04 Comparatively soft-burned brick made from coarse ground clay; wear in rattler excessive though 
uniform. 
M...... 60.1 | Fire clay, re-pressed ...-- 24.31 3.73 | Fairly soft-burned brick made from medium finely grour iclay; worn down evenly by rattler. 
Bhat 1.3 | Fire clay, wire-cut lug--- 31.19 3.68 | Losses in rattler due mainly to open laminations; brick burned hard 
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FiGURE 2.—MAINTENANCE CosTS AND 
1927. ‘This work was incidental to relaying the curb 
and gutter and involved the rebuilding of a large por- 
tion of the section. 

As shown in Table 1, the maintenance cost during 
1928 for sections 1, 3, 5, 6, and 7 was about normal 
while that of sections 2 and 4 was somewhat higher than 
during former years. The maintenance on the latter 
two sections has consisted largely of repairing depres- 
sions which developed from foundation settlement, 








YEARS 


TRAFFIC ON EXPERIMENTAL SECTIONS 


particularly along the west gutter. 


As 


previous report, the drainage afforded the sections so 


stated in | 


of Bradley Lane at the best was only fair. The strect- 
car tracks offered a means for water to enter 
foundations and the cobble gutters did not long rem:in 
satisfactory as drainage structures. The relative!) 
high maintenance cost of section 5 in 1929 was also due 
to surface settlement. This section, in its early |i'e, 
required considerable patching because of foundation 


isan Bee 
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TABLE 5.—Analyses of bituminous materials used in original construction of experiments north of Bradley Lane 


Experi- 
ments 
Nos. 1 
and 2 
Bitumi- 
nous 
con- 
crete— 
fluxed 
native 
asphalt 


Specific gravity, 25°/25° C 
Specific viscosity, Engler: 

1. 50°/50° C., 100 c. c.- 

2. 30°/30° C., 0c. ec. 4 
Penetration, 25° C., 100 g., 5 seconds 
Float test, 32° C., seconds. 

Float test, 50° C., seconds. 

Melting point, °C = 
Loss 163° C., 5 hours, 20 g., per cent... i 2 
Penetration on residue 

Float test on residue at 32° C 
Per cent soluble in CS 3_. 

Per cent insoluble in CS; ase : l 
Per cent inorganic insoluble 4 
Per cent bitumen insoluble in 86° B., naphtha__- y 
Per cent fixed carbon acca 

Per cent free carbon 


1.074 


, seconds...- 


Distillation, per cent by weight: 
Water 
Up to 110° ¢ 
110° to 170 
170° to 270 
270° to 315 
Residue 


Total 


1 Penetration at 0° C 

? One-half solid 

+ Clear 

‘ Cloudy 

§ Two-thirds solid 

6 Solid 

* Clear. Showed 7.5 per cent insoluble in dimethy] suplhate 
ble in dimethyl sulphate 

§Clear. This fraction and also a 315° 


x 
= 
x 


minute) 14; penetration at 46° ( 


A 315° to 35 


to 350° C. fraction and a 350° to 375° C. fract 


TABLE 6 Vechanical analyses of coarse aggregates used ir 
concrete Experiments 3, 4, and 5, north of Bradley Lane 





fr t 
WY” ira 


Experiment No surface treatments) Experi- 
ments 
Nos. 3 
and 4: 
Sections | Sections Sections Oil- 
Sections DandF:|BandH: Section Qo 3 canti Santi cement 
and G: Water. Water. E: Fluxed ¢ P,and, Section | Section con 
Refined gas tar gas tar native iio asphalt asphbi It crete— 
coal tar prepara- prepara asphalt ee it aspha aspoe residual 
tion tior — petro- 
leum 
219 1. 108 4 O4 1.043 1.031 1.012 0.933 
27.8 
6 SP eee epee eas eke mor | he ER Se eS, SSeS 
M4 148 26 DRE teeter ntact 
ly Ee eee eee a tat Se, Cees 
oa ee: Sern ese A Sew ee 2 eee rae 
48 92 52 - 
() . 73 32 . 59 2. 63 
f 64 18 gd nee 
ini “e 95 
4 06, 56 99. 74 99. 72 99. 90 
2 1. 35 Be i 17 OS 
07 2.09 . 09 -11 . 02 
6 21. 87 34. 84 21. 72 2. 31 
8 11.17 15. 62 10. 92 3. 01 
6. 29 
{ Or rn, 2 en So ee ee, ee eee) eS ae 
2 |S Rs: hI FE ss a ARF AEE A EEN ee 
°.2 Se 8 Sees Pre rt Re: SR Re ee ee es he 
14.7 16. 3 fas aK SES TS as Se 
8.7 17.0 SS ere Seer sae ea Ca ee a $ Beer 
~ f4_s ' - 
"a ; "” i +§f+»§ Cate nneanad 6énlegrniadebenk eeebcdndat beenetetdé Ghee 
howed 7.5 pe 75° C. fraction showed 17.5 per cent insolu- 
ea wed 7.5 per ce luble nethyl sulphate. 
weakness, and as the weak areas were eliminated the 


maintenance cost decreased. 


A renewal of this type of 
failure such : 


is developed during the past year will 


Sie aed rran Undoubtedly affect the future behavior of this section, 
particularly in view of the larger volume of traffic now 
' carried. 
3s 214-inch, retained on 144-inch screen__. oe ne am 2.3 . } . : 
ss, 144-inch, retained on 1}4-inch screen_- 10.8 At the present time all of the sections are in good con- 
Puss stor agp bse cn gain pea ape aces 24 : 13. 2 19 : dition. | he surtaces are somewhat wavy in spots but 
sSS I- l, i a On %4- S ae ee ace -) . . . x . 
s4-inch, retained on }4-inch sereen-..------.------.... 26.4 342 406 are intact and free from raveling. Except for possible 
44-inch, retained on }4-inch screen_...........-..--.-- 9.8 47.4 24.9 ¢ : ° p Yor - 
ec aise REN A EN: 9 52 s4 failure due to foundation conditions, they should con- 
—— , vA ‘ iafa 7" service f PrP © ; _ 
ne ES ee» 100.0) 100.0 10.9 Ulmue to give sati factory service for some time at mod 
_ > erate cost. 
TABLE 7.—Tests on vitrified brick used in experiment No. 6 north of Bradley Lane 
[Length of section, 978.1 feet) 
attle Water 
mn Length Type of brick — absorp- De 
. tion 
Feet Per cent Per cent 
A 51.5 | Shale, wire cut lug 21.12 1.39 | Hard-burned brick having a good structure 
B _ SA Ne 16. 36 1.31 | Medium hard-burned brick having a very good structur 
( 108.7 | Shale, re-pressed 25. 57 .88 | Brick well vitrified; losses in rattler mainly due to chipping 
D fe 17. 67 1.65 | Brick molded from coarsely ground shale; had a fairly g ture and was hard burned. 
E 111.4 ct Seen eee 22. 04 1.10 | Brick very hard burned; losses in rattler due to chipping 
F J ae a 4 18. 80 1.81 | Brick molded from coarsely ground clay; had a good structure. | 
G 60.5 < eee 27.92 2.29 | Medium hard burned brick which wear evenly though excessively in the rattler test 
H 67.9 — ae ee 22. 68 3.74 | Medium hard burned brick made from finely grout nd having a fairly good structure. 
I 50.0 i sicicatenisintiweas eau 22. 59 2.86 | Medium hard brick made from coarsely ground clay and wearing dow. uniformly in the rattler. 
J 61.3 | Fire clay, re-pressed_-.-. 19. 11 1.56 | Brick made from coarsely ground fire clay; had an excellent structure, free from laminations; not burned 
: very hard. var , : 
K 54.7 A as Ree ee es 37. 68 2.38 , Comparatively soft-burned brick made from coarse nd fire clay; wear in rattler excessive though 
uniform. : 
I 58.8 | Shale, re-pressed ......-- 38. 89 4.04 | Comparatively soft-burned brick made from coarsely ground clay; wear in rattler excessive though 
uniform. 
M.. 60.1 | Fire clay, re-pressed__.--. 24.31 3.73 | Fairly soft-burned brick made from medium finely ground clay; worn down evenly by rattler. 
N 51.3 | Fire clay, wire-cut lug... 31.19 3.68 | Losses in rattler due mainly to open laminations; brick burned hard 
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RESULTS ON SURFACE-TREATED SECTIONS INDICATE DESIRABILITY 
OF USE OF PRIMING COAT IN CONSTRUCTION 

The work previously referred to, which was done 
around Chevy Chase Circle, likewise affected seetion 
11 of this group. 

During 1928 sections 8, 9, and 10 required fairly 
heavy maiatenance. On sections 9 a1... _0 the surface 
mat slipped upon the stone base and became very wavy 
This displacement was intensified during the winter 
months whea chains were used on cars. Where the 
base became exposed raveling developed. Defective 
areas were repaired by removing the bituminous mat 
to the base stone, which was thea painted with tar aad 
a patch made with a mixture of tar and stone. About 
20 per cent of the areas of sections 9 and 10 were re- 
paired in this manner. 


FRENCH 
4 TILE, 24 INCHES 


ROADS \ ll, No.4 


mat unless the surface so treated is well bonded and of a 
character to which the treatment will adhere. [It was 
observed that the surface treatments applied to a pene- 
tration macadam adhered satisfactorily and that a 
wear-resistiag stable mat could be successfully built up. 
The same materials, however, applied directly to the 
unprimed, water-bound macadam proved unsuccessful 
as there was no bond between the treatment and the 
foundation 

Sections 9 and 10 have been repeatedly re-treated 
and have developed mats which are not well bonded 
to the bas 


e and which are consequently subject to dis- 
placement 


On the other hand, section 8, on which a 
light water-gas tar was used, has always remained 
stable The retreatments required during its early 
life were due to the fact that the hicht tar 


] 
used would 


DRAIN WITH 


yy 


BELOW SURFACE——>. 


FIGURE 3. 
SURFACE 


Back FILLING oF a SERVICE Curt. 


Maintenance for 1929 was normal except for sections 
8 and 9. Section 8 because of its dry-appearing sur- 
face was practically covered with a light patch and at 
present is appareatly in very good condition. Approx- 
imately two-thirds of the surface mat on section 9 had 
to be replaced. Except for a strip about 2 feet in 
width along the car tracks and one 3 feet wide next to 
the gutter, the surface is now uniform in appearance and 
the entire section is fairly smooth. 

The behavior of the surface-treated sections during 
the past two years emphasizes still further the advan- 
tage of using a suitable priming material before applying 
a surface treatment. In a study of the Bradley Lane ” 
experiments and those on the Department of Agri- 
culture grounds * it was shown that it is practically 
impossible to retain stability in a bituminous surface 


? Reported in Punuic Roaps, February, 1929. 
> PuBLIC Roaps, October, 1929. 


by _ 4; 





Section 3, Nortu or BrapLey LANE, Fesruary, 1929. 
IMMEDIATELY UNDER West RaAIt ON NortH SIDE OF 
BituMINOUS PATCH ON THE RIGHT WuHIcH Was NECESSITATED BY SETTLEMENT CAUSED BY 
TuHeE East Drain WAS STOPPED At 


, 
ry 
M4 
“Ww 


lp 


ce 


DRAIN BLOCKED 
AT THIS POINT 


2 


HEAVY 
VIRGILIA 


FLow oF WATER 
STREET 


RISING TO THE 
INTERSECTION. NOTE 
rHE IMPROPER 
rHIsS PoINT. 


not hold the stone cover. This light tar penetrated 
readily and bonded the surface of she base but in so 
doing left no binder to hold the stone. For such 
condition, subsequent re-treatments can be success 
fully used to build up a wear-resisting mat but, in th 
case of unprimed sections such as Nos. 9 and 1! 
additional treatments serve only to build up a thick 
mat and add little to the durability of the structure «- 
a whole. The surface mat merely rests upon an un- 
bonded base which itself is subject to movement 
displacement. 

The cost of maintaining the surface-treated sectio! 
since the time of construction has been over three tim 
that of the bituminous macadams, being 9.15 cents 
and 2.86 cents per square yard, respectively. Exper! 
ment No. 8 has remained the most economical of the 
surface-treated group but its cost of maintenance has 
been more than double that of the average of the bit. 
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Figure 4.—Section 3, Nortu oF Brap.Ley Lane, Fi 
OF VIRGILIA STREET SHiny AREAS ARE WaTER 
CONCRETE PAVEMENT’ Note Water Wuicu Has 


rHeE RiGut 









FRENCH DRAIN WITH 
4° TILE, 24 INCHES 
BELOW SURFACE 


View TAKEN 


Ficgure 5 
CoLtumBIA Country CLus. 
CONCRETE. 


Light AREAS ARE 


minous macadam sections. In this comparison of costs, 
section 11, which is more closely allied to penetration 
construction, has been omitted. 


FAILURE OF DRAINAGE SYSTEM AFFECTS RESULTS ON SEVERAL 
SECTIONS 

The six experimental sections north of Bradley 
Lane built in 1913 differ from the macadams and sur- 
face treated sections in that they are higher type 
surfaces laid upon a concrete base. Their construction 
and history have also been described in Pustic Roaps 
of May, 1928. 
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Just Nortu oF Cypress STREET 
PooLs OF 
Drain Line Was Biockep As INDICATED 
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BRUARY, 1929 (PPEARANCE OF SECTION JusT NORTH 
Wuicu Has Come l[ THROUGH THE CRACKS IN THI 
FLOWED FROM THE StrRFACE INTO THE GUTTER AT 


_ 


SS 
-_ 4 


s 
4 


Feet SoutH OF THE ENTRANCE TO 
COLLECTING ALONG CRACKS IN THE 


AND A Frew 
WATER 


As noted in that report, the subgrade upon which 
the six sections are located appeared such at the time 
of construction that French drains were deemed neces- 
sary on both edges of the pavement. 

Maintenance during 1928 and 1929 consisted of 
routine repairs, practically all of which were caused 
by foundation failures 

An investigation of the drainage system made in 
February, 1929, by the bureau showed that it had 
practically ceased to function. Immediately follow- 


ing a heavy rain in February it was noted that a con- 
siderable volume of water was flowing to the surface 
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of the concrete sections through the cracks. This 
condition was found on all the concrete sections but 
was more pronounced from Woodbine Street, south, 
which area embraces the whole of Experiment 3. It 
was also noted that the sewers were not receiving any 
flow from either side drain or through the cross drains. 
Upon digging down into the French drains it was found 
that wherever one of the utility companies had made a 
cut through the drain line they had failed to replace 
either the tile or stone but had back-filled their own 
trench with earth and thereby effectively destroyed 
the drainage system. The number of tiles thus re- 
moved from the line varied from eight to as many as 
twenty. 

Preceding the failure of the drainage system the 
east drain line apparently took care of the area occu- 
pied by the street-car tracks, but with its failure this 
unpaved area offered an additional opportunity for 
surface water to enter the foundation of the experi- 
ments. At the time of inspection, February, 1929, 
it was observed that no free water was in evidence at 
Virgilia Street south of the intersection in the car- 
track area, but immediately north of the intersection, 
in the west car track, a considerable stream of water 
was rising to the surface, some of which flowed over 
the rail and onto the concrete pavement. This con- 
dition is illustrated in Figure 3. At this intersection 
the east drain was plugged up and as the accumulated 
water could travel no farther through the French drain, 
it flowed to the surface. This observed action was 
made use of in locating other breaks in the drain lines. 
Water was forced into the line under pressure until a 
flow to the surface indicated an obstruction. When 
the drain lines were uncovered at these points they 
were invariably found to be obstructed. When the 
defects had been corrected there was an unbroken 
flow through the east drain to its outlet at the north 
end of Experiment 6, and also on the west side of the 
sections which emptied into the sewer manholes. 

The number of breaks in the tile line which were found 
and repaired was as follows: Experiment 1, 2 breaks; 
Experiment 2, 2 breaks; Experiment 3, 6 breaks; Ex- 
periment 4, 1 break. 

The time at which the drainage system failed to 
function or, if it gradually failed, just what share of the 
maintenance required on the sections, or apparent slab 
failures were due to this fact, can not be estimated. 
The records of the sanitary commission show that most 
of the service connections were made in 1922, and it is 
interesting to note that the cost of maintaining the 
concrete sections has been materially higher since that 
date. The maintenance records show an average 
annual cost prior to 1922 of only 0.29 cent per square 
yard, but for the period from 1922 to 1930 it has aver- 
aged 2.86 cents per square yard. It was shown in the 
previous report that there was little variation in the 
compressive strength of the concrete cores taken, 
regardless of the size of the slab from which they were 
taken, and observations made revealed no evidence of 
structurally unsound concrete other than the numerous 
cracks which resulted in many small slabs. This exces- 
sive cracking and the corresponding increase in mainte- 
nance cost may have been influenced to some extent by 
the increased volume of traffic as shown in Figure 2, but 
it seems likely that they were influenced to a greater 


degree by foundation failures resulting from the causes 
described above. 
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Fiaure 6—MeEtTHOD OF MAKING REPAIRS ON THE CONCRETE 
SECTIONS IN THE BADLY CRACKED AREAS 


It was further stated in the previous report that 
‘there was no appearance of settlement or subgrade 
failure, and for this reason those areas which seem to 
have reached their service limit as a concrete pavement 
might economically serve as a base for some type of 
surfacing.’”’ The reference to settlement or subgrade 
failure appeared true at that time, but, in view of the 
more recent study, the statement needs correcting. lt 
is hardly reasonable to expect that such a great amount 
of cracking would have occurred had the slab received 
proper support. Just prior to February, 1929, some 
settlement of the concrete was noted, especially in the 
badly cracked areas. The amount was not great, but it 
did require the placing of many small patches to retain 
a reasonably smooth riding surface. After the drains 
were repaired and again began to function no slab 
settlement was noted and maintenance then consisted 
of filling cracks. There has been no recurrence of wa- 
ter coming to the surface, and, in general, the sections 

(Continued on page 80) 
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SOME POINTS OF CONTACT BETWEEN SOIL SCIENCE 
AND HIGHWAY ENGINEERING’ 


By J S. JOFFE ,New Jersey Agricultura JExperiment Station 


HE principles underlying the elucidation of the 
" [natural sciences such as zoology and botany are 

applicable also to soil science. The soil is a natural 
body just as a tree or an animal. It is to be looked 
upon as a distinct organism with definite morphological 
and physiological features, with specific properties of 
physical build, chemical composition, and biological 
make-up. Soil science is concerned with the soil body 
as found in nature; its anatomy and physiology and its 
behavior toward the forces which are responsible for its 
creation. The first person to bring out the natural 
body features of the soil in relation to the forces in 
nature responsible for the creation of definite body 
types was a Russian scientist, Dokuchaev. The Rus- 
sian school of soil science is known, therefore, as the 
Dokuchaev school. 

Like any other of the natural sciences, soil science 
began with the descriptive phase. The soil body was 
dissected, cut open vertically, and the exposed anatomy 
noted and described. In a natural state it revealed a 
definite construction or build, consisting of distinct lay- 
ers, known as horizons, which are specific in their mor- 
phological characters, irrespective of the geographic 
position of the soil or the underlying geologic forma- 
tion provided it is located in identical climatic zones. 
The horizons exposed in a vertical cut of the soil body 
are genetically related and as a unit they represent what 
is known as the soil profile. Therefore a soil is a natural 
body consisting of definite layers or horizons made up 
of materials formed by a group of soil formers. Most 
of the materials that make up the soil body originate 
from the earth’s mantle. The soil formers, which in- 
clude the active factors such as the climate and bio- 
sphere, and the passive factors such as the parent ma- 
terial, micro-relief, age of land, and human activity, 
are responsible for the formation of the soil body. 

It is to be understood that the parent material could 
be either native rock upon which the soil body has 
been formed or some material which might have been 

part of a soil body before, as in the case of the so- 
called transported soils, or it might even be some geologic 
‘ormation like peat, clay, marl, or sand. Soil material 
is therefore not to be identified with the soil as a natural 
body. A soil body ceases to be one as soon as its virgin 
niake-up has been disturbed; it continues to be soil 
niaterial from which a soil might form again in the 
course of time under the influence primarily of the 
active agents—the climate and the biosphere. 

rom what has been said it is clear that various 
parent materials will give rise to one and the same type 
of soil, provided all other conditions for the activities 
of the other soil formers are alike. And we do find 
the soil type known as chernozem on such variable 
parent material as loess, glacial deposits, marine and lake 
sands and clays, limestone, sandstone, and shale. On the 
other hand, on one parent material unlike soil types 
will develop, provided the conditions for the activities 
of the other soil formers are not alike. Thus granites 





in Georgia yield the typical yellow-red soil, whereas 
the same granites in southern California form a dif- 
ferent kind of soil. 


GEOGRAPHIC DISTRIBUTION OF SOIL TYPES DISCUSSED 


Geographically, soils are distributed with a certain 
natural regularity in the same way as animals and 
plants. Just as any particular climatic belt is respon- 
sible for a definite flora and fauna, it is responsible also 
for a definite soil type or types. The habitus of the 
profile, its morphology, and chemical composition 
differ in each climatic belt. Asa result, we have several 
zonal types of soil. 

In Europe and Asia where the isohyetal lines are 
more or less parallel to the isothermal lines, i. e., as we 
move from the north southward the temperature 
increases, and the rainfall decreases. There the soil 
types are distributed parallel to the climatic belts; in 
the northern regions we find the tundra zone, a type of 
soil corresponding to this climatic zone: in the southern 
portion of the northern region and in part of the tem- 
perate region covered with conifers and deciduous 
forests, a type of soil knows as the podzol is distributed. 
South of this region—in the temperate region—the 
slightly podzolized type and forest steppe type of gray- 
ish brown soil is distributed, followed in the southern 
portion of the temperate region—where the somewhat 
semiarid regions are reached—with the chernozem 
soil. As one moves into the semiarid and arid regions, 
one finds the chestmut soils, and still farther south— 
in approaching the semidesert—one meets the gray 
soils. In the Tropics with a high temperature and hig 
rainfall the well-known laterite type of soil is developed. 

In the North American continent, especially in the 
eastern part, the direction of the isohyetal lines is, in 
general, perpendicular to the direction of the isothermal 
lines, and the geographic distribution of the zonal types 
does not follow the north and south direction as they 
do in Europe and Asia. It is these specific climatic 
features of the North American continent that necessi- 
tated a slightly different approach to the soils of the 
United States when studied from the standpoint of 
their profile development. 

Dr. C. F. Marbut, the prominent American soil 
investigator, of the Bureau of Chemistry and Soils, 
United States Department of Agriculture, divided the 
soils of the United States into two large groups, (1) 
pedalfers,? and (2) pedocals.* The pedalfers are soils 
that tend to accumulate iron and aluminum and _ have 
no lime carbonate horizon accumulation, even if the 
soils have limestone as parent material. The accumu- 
lation of lime carbonate and other salts is a characteristic 
feature of the pedocals. 


SOIL TYPES OF NEW JERSEY HAVE DEFINITE CHARACTERISTICS 


For the present it will suffice to keep in mind these 
two broad groups. An analysis of the soil types found 





rs zhis paper is the summary of a lecture given before the Fifth Annual Short Course 
h lighway Engineering, Rutgers University. Journal Series paper, New Jersey 
‘8ricultural Experiment Station, Department of Soil Chemistry and Bacteriology. 





? The prefix ‘“‘ped”’ comes from the word “‘pedology”’; “‘alfer” is apparently an 
abbreviation for aluminum and ferrum; the ‘‘cal”’ in pedocal comes from the word 
“ ” 

calcium. 
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in New Jersey, which are located in the pedalfer group, 
will be in order. Those interested in the classification 
scheme in its entirety are referred to the paper by 
Doctor Marbut (5). 

An examination of the virgin soils in New Jersey upon 
exposure of a profile cut will in general reveal the follow- 
ing: On the surface there is a dark-colored layer, 2 to 3 
centimeters thick, of leaf mold consisting of (a) organic 
materials from the forest litter partly humified and 
partly in the process of being humified, and (b) some 
mineral soil material intermingled with the organic 
material mentioned and with the shallow roots of the 
herbaceous plants on the forest floor. This layer, or 
horizon, designated as the Ay horizon is accumulative in 
character and is known as the humus-decay-accumula- 
tive horizon. Indeed, the leaves, twigs, and other 
residues from the trees, the bodies, and the roots of the 
herbaceous plants undergo decomposition and partly 
remain there, making up the volume of this horizon. 
It is also accumulative in another sense—the roots bring 
up some mineral substances from the horizons below; 
these are translocated to the plants, which give them 
up in the mineralization process of the organic matter. 
These mineral substances become partly fixed with the 
humus materials, and with the microbial flora which is 
instrumental in the decomposition of the organic matter, 
and they are partly leached downward. In this manner 
horizon Ay is genetically related to the other horizons 
in the soil profile. 

The horizon below, A,, is usually yellowish brown in 
color, except in the soils that have red shale as the 
parent material; in this case the A, horizon is reddish 
brown. There is also some exception in color in the 
sandy soils in the southern part of the State in the 
Coastal Plain region. There the color of the <A, 
horizon blends into a gray or white, and under such 
conditions this layer consists of bleached SiO,, some of 
which is in very fine state of division, approaching at 
times the state of dust. In general, however, the 
yellowish-brown shade prevails. 

This horizon is subject to the action of the decom- 
position products of the Ay horizon, such as carbonic 
acid from respiration of roots and microbial decom- 
position of organic materials; nitric acid from the process 
of nitrification; some sulphuric acid from the process of 
oxidation of the sulphur compounds; and some organic 
acid from the decomposition of the organic materials. 
All of these acids leach this horizon and deprive it of its 
bases, its iron, and its aluminum, leaving behind some 
silica. The structure becomes less apparent; it be- 
comes more powdery with fine porosity. With the 
downward movement of the moisture and the sub- 
stances in it there is a tendency for some of the fine 
particles of clay also to move. The fine particles of 
organic materials are also caught in this downward 
movement. 

This horizon is followed by another one, A», which is 
slightly lighter in color than the one over it. It also 
suffers the leaching reactions of the A, horizon. It 
gives up its bases, becomes acid, and loses some of its 
fine particles. 

The lighter the texture of the parent material, the 
deeper are the horizons A, and A,; and conversely, the 
heavier the texture, the shallower are these horizons. 

Because of the losses which the A horizon (A, and 
Ay) suffers, it is known as the horizon of eluviation 
(washing out). Its depth varies from 15 to 60 centi- 
meters. This horizon loses its bases and becomes 
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enriched with silica. 
downward. 

The materials which are leached out 
horizon and are moved chemically 
are caught in the next horizon, which is known as the 
horizon of accumulation, or illuviation (washing in). 
It is designated as the B horizon. In it the fine clay 
particles, the iron and aluminum precipitates, and the 
finely divided humus materials make up a compact 
laver which at times becomes so cemented that it is 
impervious to water. Then it is known as ortstein for- 
mation, or hardpan. The depth of this horizon varies 
in the soils of New Jersey from 15 to 40 centimeters. 

It is this laver which should primarily interest the 
highway engineer. Wherever an impervious layer B is 
formed—and it is in the more sandy soils that such a 
laver is likely to occur—this moisture condition, upon 
which the stability of the substance depends, is the most 
important consideration. Because of its fine texture 
this horizon has a tendency to attract the moisture from 
the lavers below (the parent material) and above. The 
capillary moisture in the soil profile moves not only 
vertically but also horizontally and usually along this 
laver of accumulation. 

It is to be remembered that this particular imper- 
viousness exists in this zonal type of soil formation. In 
the pedocals there is an accumulation of calcium car- 
bonate or sulphate, which serves as a flocculating agent, 
and hence the B horizon under such conditions is not 
impervious. The use of calcium carbonate or gypsum 
might be suggested in highway construction, whenever 
the subgrade consists of the B horizon which approaches 
a condition of orstein or hardpan. Such treatment 
might flocculate the colloids and make the horizon 
pervious. 

ln places where the water table is high, the B horizon 
becomes eariched with substances from the ground 
waters and as a result is sticky and mottled. A sub- 
grade of this kind gives poor drainage. Whenever such 
a B horizon is encountered—and it may be recognized 
by its grayish and sometimes bluish color, occasionally 
with streaks of brown—it is a sure indication of a high 
water table at some time during the vear. Such a: 
accumulation is known as gley ‘Its distinctive chara 
ter is that iron compounds, because of poor aeration 
are reduced. The state of oxidation of the iron con 
pounds, as expressed by the coloration, is a true indics 
tion of the amount of gleying process this layer 
subjected to. Ina other words, from the color one mig! 
infer the frequency and time duration of the ground 
waters coming up to this horizon. 

Below the B horizon comes the parent mater 
which is very little, if any, affected by the soil formes 
which go to make up the soil body with its charact: 
istic profile. The parent material is usually designated 
by the letter C. Beyond a certain depth from the su'- 
face of the C horizon the soil scientist looks on the mate- 
rial as geologic formations, and the subgrade propertic- 
of the C horizon are to be elucidated more by geologic 
data than by soil data. The highway engineer sho 
apply his constants to this material just the same 
to any other material, be it sand, clay, or peat. 


Some amorphous silica moves 
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HIGHWAY ENGINEERS SHOULD MAKE USE OF SOIL PROFILES 


There are a few other points which might be men- 
tioned in connection with the possible aid a soil prolile 
study could offer the highway eagineer. In the well- 


known podzol zone type of soils there is a horizon of 
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white coloration, without structure, fine porosity, 
sticky and smeary when wet, but powdery and almost 
dusty when dry. A layer of this kind has no stability 
and if one occurs close to the grade line it should be 
taken out and wasted. Such a laver is easily recog- 
nized by a trained soils man. 
It is to be remembered that the border lines of the 
horizons in the soil profile, although very distinct, do 
not ruo parallel to one another. The microrelief of 
the land will to a certain degree undulate the coatours; 
that is, the horizon will not be alike in thickness through- 
out. In fixing the grade line of the road, this condition 
should be considered. It is often possible to fix the 
gerade line well above or below unstable material. 
Speaking of the relation of the soil properties to high- 
way engineering one could not fail to note the possible 
effect of shrinkage of peat materials when lime is added. 
Cases are known where a fill on peat has within 15 
vears subsided an amount equal to 15 to 25 per cent of 
its original depth. Although the engmeer undoubtedly 
takes into consideration shrinking values—and in this 
respect his constants are in a way determined by the 
chemical and = pbysical properties of the material, 
whether soil material or some other material—he does 
not consider the possibility of chemical or biological 
action after the road has been put down. The peat 
section coming in contact with the lime leached out 
from the roadbed might easily become active biologi- 
cally, and shrinkage would take place, a consideration 
unforeseen by the highway engineer. 
Heaving is one of the evils in which both the highway 
engineer and the soils man are interested. Heaving is 
controlled to a certain exteat by the pore space. 
Heavier soils with a fine porosity heave the most and 
flocculating the clay increases the size of the pores 
aggregating the colloids. At this point it is well to 
remember the volume relations of soils when saturated 
with one cation or another. Thus a soil saturated 
with one cation will have a different volume than when 
saturated with another. The introduction of certain 
materials in the fill might influence the cation relations 
in the subgrade horizon. 
In laving a grade line, the engineer under certain 
conditions of relief could follow the compact B horizon 
of course having determined at first its adaptability as 
subgrade—and in some cases where cuts are made just 
o get fill material it would perhaps be better not to 
touch the B layer and to borrow fill material from the 
djoining land. The profile constitution survey along 
the projected road would tell the engineer a good deal 

respect to the depth one should excavate for the best 
subgrade as it is found in nature. 

In soils with sand as the parent material the profile 
is deep, hence the B horizon of accumulation is located 
deeply. For a sand-clay road where clay is essential 

. binder one would have to dig to some depth in such 
a sandy soil to obtain the necessary clay binder. A 
knowledge of soils would indicate the presence of a B 
horizon with a higher clay content than at the surface. 

in the field operations many other points of contact 
between the pedologist and the highway engineer will 
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come up, and their cooperative efforts will undoubtedly 
benefit the science and the practices of highway engi- 
neering. 


Contir 1 from page 68) 


effects of frost action on highways, procedure must be 
adopted which will accomplish the following purposes: 

1. Prevent free water from entering the subgrade 
either through the surface or through seepage veins. 
2. Rapidly remove free water which may be liberated 
during thaws 

3. Where the subgrade is lower than the adjacent 
ground surface lower the ground water table to 
extent which will prevent harmful frost action. 

1. Where other methods would not be wholly 
effective, remove subgrade material possessing detri- 
mental properties to the depth of frost penetration. 


an 
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at this time are in better condition than in January, 
1929. 

The behavior of section 3 especially, which has the 
worst appearance of any of the six experiments, makes 
it difficult to decide if this pavement has reached its 
service limit. The section as a whole is broken into a 
great many slabs of varying sizes and shapes, many of 
which are not more than 1 foot in area. In filling the 
cracks it is practically impossible to avoid leaving a 
slight ridge with a corresponding reduction in surface 
smoothness. However, to maintain as much smooth- 
ness as possible, some of the small areas have been 
entirely covered with a bituminous patch. This pro- 
cedure is illustrated in Figure 6. 

ASPHALTIC CONCRETE AND BRICK SECTIONS CONTINUE IN GOOD 
CONDITION 

Maintenance of the two asphaltic concrete sections 
consisted of patching depressions, mostly along the 
west gutter line. Section 1, south of Rosemary Street, 
had become quite rough on the west side for a width of 
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approximately 7 feet. It was first patched and then 
given a light treatment of cold tar and torpedo sand. 
These repairs were necessitated by the failure of the 
concrete base which, as stated in the previous report, 
had, in some areas, disintegrated to such an extent that 
it could be removed with shovels. This failure was 
more extensive on section 1 than on section 2. The 
surfaces of both sections are in very good condition at 
the present time. 

The brick section, section 6, remains in excellent 
condition and shows little wear and no indication of 
failure due to the character of the surface. As shown 
in the preceding report, the concrete base of this experi- 
ment, excepting subsections K, L, M, and N, is in very 
good condition. Subsections K, L, M, and N lie on a 
fill which has settled and still continues to settle. 
Maintenance of these sections of the experiment has 
been high, but as it is not properly chargeable to the 
experiment it has been omitted from the table and 
curves and only the sections not affected by the fill are 
included. 
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